To study the impact of modern coal mining on the overlying formation, a full-lifecycle four-dimensional seismic monitoring study has been carried out. Four seismic data campaigns have been performed using flexi-bin geometry with square bins, with total duration of 171 days. The four seismic datasets have been processed with the same processing workflow and parameters; major problems such as statics correction, signal-to-noise ratio, resolution, and consistency processing are addressed taking into account the geological features of the research area. This guarantees that remaining four-dimensional differences between the time-lapse datasets show mostly geological factors due to the coal mining and effects such as surface subsidence. Our four-dimensional seismic monitoring of modern coal mining shows that mined and unmined areas have significant zoning characteristics; coal mining has a direct impact on the overlying formation. The mining leads to obvious event subsidence, which reflects that overlying formations undergo subsidence during the mining process. The overlying formation appears as two zones called caving zone and fractured zone. We determine the fault dip of the overlying formation at one end of the working face to be 56°or so by calculation and conversion. We also see that, during the coal mining process, over time, the overlying formation has a self-recovery capability, which gradually strengthens from the roof siltstone upward to the Aeolian sandstone near the surface. The stability of 20-m coal pillars between working faces displays a strengthening trend and remains safe during the mining process due to both coal seam supporting and formation compaction effects.
mining-induced changes during mining, and time-lapse changes due to the coal mining over the full life cycle of a modern coal mine.
O V E R V I E W O F R E S E A R C H A R E A
Daliuta Coal Mine is located in Shenmu, Shaanxi, China. It is a modern ultra-large-scale mine that uses integrated mining technology with super-wide working face (300 m), superlong forward distance (more than 4000 m), and large-miningheight (6-7 m) working face. Compared with conventional mining technology that uses 150-m-wide and 2-to 5-m-tall working face, it features a large mining area, mining height, and goaf area.
All coals in Daliuta Coal Mine are buried in the subsurface; strata drilled are, from bottom to top, the Ordovician, Carboniferous, Permian, and Cenozoic.
The research area of four-dimensional (4D) seismic over the Daliuta Coal Mine in Shendong has a total area of 1.2 km 2 and crosses working faces 52303, 52304, 52305, and 52306, as shown in Fig. 1 . The major target coal seam is Coal 5 −2 , with a thickness of about 7 m and a dip of 1°-3°.
The thickness of the overlying bedrock is 100-250 m, and the vast majority of the surface is covered by Quaternary unconsolidated sediments. Based on coal mining progress, the full life cycle of coal mining is divided into pre-mining, mining, post-mining, and stable stages. Periods when coal seams of the working face are not mined are part of the pre-mining stage, periods of mining are part of the mining stage, and periods after mining is finished are called post-mining stage. Lastly, periods when the coal seam of the working face is in a phase of long-term stability are called stable stages. This temporal evolution of the full life cycle of coal mining of the research area is shown in Fig. 2 .
In Fig. 2 , the goaf is a cave formed after the coal mining, the roadway is an underground tunnelling for coal mining, and the coal pillar is a part of coal that has never been mined and is preserved among goafs. 
A C Q U I S I T I O N , P R O C E S S I N G A N D I N T E R P R E T A T I O N O F 4 D S E I S M I C D A T A Field data acquisition
Time-lapse, or 4D, seismic works by repeatedly acquiring 3D seismic data over the same formation. Compared with conventional 3D seismic data exploration, this adds the (fourth) time dimension to the data analysis. With suitable choice of the elapse time between the first (base) acquisition and the following monitor surveys, 4D analysis therefore allows us to visualise strata changes over the course of time and due to the operation of the mine.
Four time-lapse datasets were acquired (see Fig. 3 ). Following the terminology explained above, the first acquisition was at the pre-mining stage, the second and third acquisitions were at the mining stage, and the fourth data was at the post-mining stage. 4D seismic acquisition times were determined according to the actual mining schedule of working face 52303. Start and end times of the four acquisitions are shown in Fig. 3 and listed in Table 1 ; the total duration from the start of the base acquisition to the end of the third monitor acquisition was 171 days.
The seismic data acquisition uses flexi-bin geometry with 24 (inline) × 24 (crossline) and 2 (shots) × 2 (shots) square layout, of which the receiver distance is 20 m, the shot distance is 30 m, the minimum source-receiver distance is 7.07 m, and the maximum source-receiver distance is 346.48 m; 5 m×5 m bins give a fold of 16, and the major acquisition geometry parameters are listed in Table 2 .
In order to create time-lapse images that show changes in the strata due only to the mining process, the acquisition must make sure that acquisition environment, acquisition equipment, and acquisition parameters are maximally repeatable. It is well understood that complete consistency of acquisitions performed in different time periods (Lumley 2001 ) is impossible to achieve even if strong emphasis is given to maximising acquisition scenarios and acquisition parameters. Processing must then be tailored to remove those unwanted differences that remain. As stated, our four vintages were acquired with identical acquisition parameters, and in particular, source and receiver locations were repeated exactly.
Through field test, acquisition parameters have been determined as follows: packaged explosive quantity is 1.5-2 kg, borehole depth is 7-10 m, receivers are DSU3 digital geophones, seismic instruments are Sercel 428XL, sampling interval is 0.5 ms, recording length is 3 s, and recording format is SEGD.
Ground environment and ambient noise are the major environmental factors, such as interferences from buildings, winds, people walking, machine vibration, and industrial electrical interference in the survey, which may be random or systematic. Besides, near-surface environment, such as low velocity layer and water table, will change along with the time and season changes. The near-surface dry or wet and the water table depth will affect low velocity layer velocity and thickness, so the near-surface environmental changes can influence seismic observation in different periods; hence, various environmental factors must be analysed for the possible influence on seismic data processing.
Data processing
From these considerations and from inspection of the raw seismic data, the major technical challenges of the 4D seismic data processing over this area are as follows. 1) Statics correction. Velocity changes in the near surface are known to have a negative impact on time-lapse seismic images when not accurately compensated by static corrections (Bergmann et al. 2014; Ivanova et al. 2012) . The acquisition area is covered by Quaternary Aeolian sands, and the surface formation is complex. How to resolve the statics correction for the data is a major processing challenge.
2) Signal-to-noise ratio (S/N). The S/N over the target formation in the area is low. From the raw data inspection, we see that our data are significantly masked by and interference waves are serious; therefore, effective and high-fidelity prestack denoising to improve the S/N of the seismic data is the second challenge.
3) Resolution. Improved resolution of the seismic signal is another key point; therefore, we need to determine adequate deconvolution method and parameters. 4) Consistency. In order to create physically meaningful timelapse difference sections, processing must ensure that the data characteristics (the seismic wavelet) are consistent across vintages.
Regarding the issues aforementioned, the following are the detailed measures taken in this processing: for those four seismic datasets acquired, same processing workflows and parameters are used, i.e., perform consistency processing for those geologically stable regions such as non-mining region and non-collapse region; particularly, perform consistency processing for energy, wavelet frequency, phase, time, etc.; and analyse causes of inconsistency in detail in order to make sure discrepancies among seismic data acquired in different time periods are caused by geological factors such as surface collapse caused by coal mining, etc.
In order to deal with the consistency of 4D data, the processing of surface consistency amplitude compensation, surface abnormal amplitude suppression, surface consistent deconvolution, and surface consistency residual static correction are carried out, and good processing results are obtained. Figure 4 shows velocities of bedrock top derived from four seismic data tomographic statics corrections. The goafs of working faces 52303 and 52304 and the other unmined areas have significant velocity differences ( Fig. 4(a) ). For working face 52305, the velocity of the goaf formed after coal mining decreases (Figs. 4(b)-4(d) ). Figure 5 shows the velocity differences between the first and second acquisitions (Fig. 5(a) ), the first and third acquisitions (Fig. 5(b) ), the first and fourth acquisitions (Fig.  5(c) ), and the second and fourth acquisitions (Fig. 5(d) ). The velocities of the bedrock top occur significant zoning distribution after mining especially for working face 52305 (see Fig. 5 ), and we observe velocity differences up to 700 m/s, which indicates that the velocity anomalies are caused by mining. Figure 6 shows time-migrated seismic profiles of the four vintages at the end of data processing. The finally migration sections have high S/N, clear reflections of target formations from 80 to 200 ms. We clearly see that the first three images look similar overall, whereas the fourth and last monitor images from the post-mining stage have significant changes resulted from coal mining in working face 52305.
Seismic data interpretation
Some seismic attributes such as amplitude, frequency, and phase in 4D interpretation have been found sensitive to reservoir changes. Compared with conventional 3D seismic data interpretation, the key point of 4D seismic interpretation is to perform discrepancy comparison (Alvarez and MacBeth 2014; Huang et al. 2011; Li 2003) Variance attribute, amplitude attribute, and impedance attribute are used in the 4D seismic interpretation. Variance cube is obtained by calculating variance value between a seismic trace and average seismic traces in seismic data volume in order to highlight the impact of formation lateral variation and reflect the discontinuous change of formation. Impedance is obtained by post-stack inversion. Variance attribute, amplitude attribute, and impedance are used to analyse and judge changes of coal measure strata caused by coal mining through comparing differences in seismic attributes of multiple seismic datasets.
According to the known strata of research area, four horizons are used in the seismic interpretation, the horizon in the seismic section from bottom to top is 5 −2 coal, siltstone above the coal seam, sandy mudstone, and the Quaternary Aeolian sandstones (see Fig. 7 ). After the horizons are identified, difference comparisons on the seismic sections and horizon slices can be carried out in the four vintages. Figure 8 shows variance attribute horizon slices of siltstone of coal roof derived from the four vintages.
When first acquisition was carried out (Fig. 8(a) ), it aimed at performing background survey; the variance map of working faces 52303 and 52304 shows worm-like discontinuous strips due to strata subsidence caused by mining, but elsewhere in the map, except the borders, it almost appears very continuous because the coal seam is unmined.
During the second acquisition ( Fig. 8(b) ) and the third acquisition (Fig. 8(c) ), as compared with the previous acquisition, the areas of working faces 52303 and 52304 have almost no change. The variance map of working face 52305 becomes chaos after the coal mined out; the other regions are still continuous because the coal seam has no mining activities.
During the fourth acquisition ( Fig. 8(d) ), the coal seams in working faces 52303, 52304, and 52305 are completely mined out; this area has an obvious worm-like discontinuity. Coal mining leads to roof collapse, which results in significant discontinuities on horizons and obvious changes on variance horizon slices. 
O V E R L Y I N G S T R A T A C H A N G E S D U R I N G M O D E R N C O A L M I N I N G

Impact of coal mining on overlying strata
According to seismic profiles and variance slices, overlying strata changes during modern coal mining can be found (Fig. 9) .
Pre-mining stage
Figure 9(a) shows seismic profiles and variance slices of different horizons in the pre-mining stage, the coal seam of working face 52305 is stable; on seismic profiles, reflection seismic events of the coal seam and the overlying strata are continuous, with high energy and high frequency; at the end of open-off cut, horizon slices of the variance attribute show that discontinuities of roof siltstones and its overlying sandy mudstones and Aeolian sandstones strengthen, which indicates that the overlying strata of the coal seam in front of the mining point have been impacted by the subsidence of coal mining, and the formation has some changes such as bending and deformation.
Mining stage
Figures 9(b) and 9(c) show seismic profiles and variance slices of different horizons in the mining stage, coal mining leads to roof collapse, the reflected seismic events of roof siltstones are chaotic, seismic events of sandy mudstones and Aeolian sandstones are basically continuous, and frequencies decrease, but subsidence occurs; on horizon slices of variance attribute, seismic events of roof siltstones are chaotic, and sandy mudstones have obvious discontinuity on mining point side, which also affects Aeolian sandstones.
Post-mining stage
Figure 9(d) shows seismic profiles and variance slices of different horizons in the post-mining stage, events of roof siltstones on seismic sections are chaotic and discontinuous, seismic events of sandy mudstones and Aeolian sandstones are basically continuous, but the frequencies decrease; on horizon slices of the variance attribute, seismic events of roof siltstones, sandy mudstones, and Aeolian sandstones on the mining point side are chatics, whereas the continuity of formations orienting the open-off cut (from left to right) has a significant enhancing trend, which indicates that the overlying strata undergo compaction; thus fractures are reduced and discontinuity strengthens.
Vertical changes of overlying strata during coal mining
Forwarding along work face 52305, coal mining leads to roof collapse that forms two zones (see Fig. 10 ), which we call caving zone and fracture zone (see Figs. 10(b) and 10(d)). Roof collapse forms the caving zone, resulting in chaotic events on seismic profiles (see Figs. 10(a) and 10(b)); the impedances derived from post-stack inversion fluctuate rapidly (see Fig. 10(c)) ; the damage degree of overburden rocks of roof is reduced because of the support of broken rocks of the caving zone, and fractures and faults are generated and a fracture zone is formed; seismic events relative to the previous vintages on the seismic profiles are continuous but frequencies are decreased, and seismic impedances change from layer to layer in the fractured zone, with a 56°or so fault dip of overlying formation at one end of the working face by some calculation and conversion (average velocity of 3000 m/s).
Self-recovery of formations during coal mining
Horizon slices of variance attribute in working face 52305 can reflect discontinuity variations of horizons (see Fig. 11 ).
On the horizon slices of the variance attribute of coal (see Fig. 11(a) ) in four vintages, because coal is mined empty, the mined coal seams have significant discontinuity features from the second vintages to the fourth vintages, and the worm-like discontinuity range becomes larger from the last mining point to the next mining point; the horizon discontinuity strengthens due to the mining activities, indicating the development of fractures.
Roof siltstones collapse and break due to the coal mining, and the discontinuities strengthen on horizon slices of the variance attribute (see Fig. 11(b) ).
Owing to the pre-existing fractures before mining, the continuity of overlying sandy mudstone from the pre-mining and mining stages to the post-mining stage strengthens after subsidence and compaction over a certain time (see Fig. 11(c) ).
In comparison with other formations, the Aeolian sandstones have a good continuity on the variance slice (see Fig. 11(d) ) but also have little fractures; these fractures are gradually reduced after subsidence and compaction from the pre-mining and mining stages to the post-mining stage.
The time-lapse data show that, after coal mining, the continuity of the roof siltstones is worst, whereas the continuity of its overlying sandy mudstone and Aeolian sandstone gradually strengthens due to stratigraphic compaction.
During coal mining, as time progresses, the discontinuity range of the roof siltstones on the variance slice gradually increases, and there is no trend back to pre-mining state, so the roof siltstones have no self-recovery capability, which means repairing to restore the original state; however, its overlying formations' self-recovery capability gradually strengthens from sandy mudstone to Aeolian sandstone.
Preserved coal pillar during coal mining
Coal pillars of 20-m-width are preserved among goafs. According to the mining time records of coal mine, the coal pillar between working faces 52303 and 52304 has formed before four-dimensional (4D) seismic acquisition is finished and has been there for one year, whereas the coal pillar between working faces 52304 and 52305 has been forming for about half a year. Dynamic monitoring of coal pillars via 4D seismic is able to monitor the status of coal pillars within a certain time period after mining, which is shown in Figs. 12 and 13.
In the post-mining stage, two coal pillars have formed among working faces 52303, 52304, and 52305 and have clearly appeared in inline sections (see Fig. 12) ; their overlying strata with coal pillar supporting form eyes-like reflection on seismic profiles and eyebrows-like strong amplitude reflection at near-surface locations. Formations between coal pillars subside due to coal mining, and the maximum subsidence occurs at the centre of the two coal pillars.
On the horizon slices of Aeolian sandstone (see Fig. 13 ), coal pillars that correspond to the position of inline sections (see Fig. 12 ) show strong amplitude. By comparing amplitude slices of the four datasets acquired, the strong amplitudes of the coal pillars have no significant change over time, which indicates that the coal pillars stay in a stable state during the time monitored.
Two coal pillars have been also formed among working faces 52303, 52304, and 52305 after coal mining, as shown in Fig. 14 .
At the time of the first acquisition (see Fig. 14 (a) ), seismic events are continuous between 52304 and 52305 because coal mining has not yet started in the area; only 52303 and 52304 coal pillars exist. The second acquisition shows that 52304 and 52305 coal pillars also formed after coal mining began (see Fig. 14(b) ). The third and fourth acquisitions show that the overlying strata of mined coal seams were supported by the coal seam; an eye-like reflection and an eyebrow-like strong amplitude reflection gradually appeared on the seismic profiles (see Figs. 14(c) and 14(d) ).
This shows that stability of the pillars is affected by both coal seam supporting and formation compaction. We see that the stability of the pillars between working faces gradually strengthens.
C O N C L U S I O N S
Application of four-dimensional (4D) seismic in full-life-cycle monitoring of coal mining can discover the changes of overlying strata induced by coal mining activities.
1) The velocity of goaf formed after coal mining decreases, which leads to the goaf and the unmined areas displaying significant zoning features. The velocity of the bedrock top at different times has significant zoning characteristics due to the coal mining. 2) After the coal seam is mined, seismic events of overlying strata subside significantly, which indicates that the overlying strata have moved downward due to coal mining. The overlying strata form two zones vertically, a caving zone and a fractured zone, with a 56°or so fault dip of the overlying formation at one end of the working face. 3) During coal mining, the overlying strata display a selfrecovery capability over time. The roof siltstones, however, have no self-recovery capability, and the self-recovery capability gradually strengthens from roof siltstone upward to the near-surface Aeolian sandstone. 4) During coal mining, 20-m coal pillars were preserved among working faces. The coal pillars remained stable and safe, and being affected by both coal seam supporting and formation compaction, the stability of coal pillars has a strengthening trend.
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